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Abstract 
It was planned to develop polymer matrix composite through PA6/Hytrel blends and multiwall carbon nanotubes (MWNT) by 
melt-mixing technique with improved mechanical properties which can be utilized for several potential applications. The specific 
objective of this work is to design a generic strategy to maintain a perfect balance between uniform dispersion and strong 
interfacial adhesion of MWNT in the presence of polymer matrix. The biggest challenge is the effective dispersion of individual 
nanotubes in the matrices, as CNT tends to form clusters and bundles. To overcome this problem, chemical modification of CNT 
surfaces has been performed by utilizing a modifier: sodium salt of 6-amino hexanoic acid (Na-AHA). The state of dispersion of 
MWNT in the blends was assessed through scanning electron microscopy (SEM), differential scanning calorimetry (DSC), 
dynamic mechanical thermal analysis (DMTA), tensile testing and thermo-gravimetric analysis (TGA).  
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
    Blending of polymers is an important tool which often gives rise to the possibility of enhancing the overall 
properties of the material through a synergistic combination of desirable properties from each component.  In recent 
decade, the concept of utilizing fillers (Clay, carbon black, nanotubes, etc.) to stabilize the blends and to improve the 
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mechanical properties have received a great attention from advanced composite preparation point of view [Ajayan 
and Tour (2002)]. In this regard, good dispersion of selective fillers in one of the phases of blends has generated 
profound interest in designing polymer composites for several structural practical applications [Bose et.al (2008)]. In 
recent times, carbon nanotubes (CNT) have emerged as potential filler in view of its mechanical properties replacing 
the conventional fillers. The addition of CNT in polymer matrices creates a class of novel materials (polymer 
nanocomposites) exhibiting superior mechanical, thermal, electrical and barrier properties which is suitable to 
replace many existing materials for engineering applications [Moniruzzaman and Winey (2006)]. CNT based 
polymer nanocomposites possess high stiffness, high strength and good electrical conductivity at relatively low 
concentrations of CNT [Ajayan (1999), Baughman et al. (2002)]. These enhancements in properties are due to the 
distinct properties of CNT. Several research groups have reported the useful results regarding the possibility of 
introducing CNT for enhancement of mechanical properties in polymer/CNT composites. However, the magnitude 
of reinforcement by CNT is found to be limited due to the challenges involved dispersion of CNT [Pötschke 
(2004)]. The problem associated with homogeneous dispersion of CNT in polymer matrices arises primarily due to 
the strong van der Waals forces between the CNT. Coupled with these issues of homogeneous dispersion of CNT in 
polymer matrices, poor interfacial adhesion between CNT and polymer is another critical parameter, which 
decreases the efficiency of load transfer in the CNT based polymer composites [Sandler et al. (1999)]. Few 
approaches have been discussed in the literature which are designed to alter the surface energy of the CNT, either by 
physical (non-covalent treatment) or chemical (covalent treatment) modifications. Further, the later treatment has 
been reported to introduce structural defects in the CNT resulting in lower mechanical properties [Esawi and Farag 
(2007), Bhai and Allaoui (2003, Liao (2007), Liu (2005), Manchado et al. (2005)].  
    Polyamide6/Hytrel blends with CNT will have been useful as commercially important because of relatively low 
cost of Hytrel and its contribution towards the dimensional stability, ease of fabrication, surface quality of the 
mouldings and good toughness.  PA6 has good strength and good chemical resistance but low elongation and low 
processibility due to moisture absorptive nature, where as Hytrel has high impact strength, high elongation and low 
moisture absorptive [Li and Shimizu (2005), Triacca et al. (1994), Meincke et al. (2004)]. 
2. Experimental 
2.1 Materials and specimen preparation 
    The polyamide 6 (PA6, relative viscosity: 2.8, Mv = 38642 in 85% formic acid) used in this work was supplied by 
GSFC, Gujarat, India under the trade name: Gujlon M28RC. Hytrel (4056) was supplied by Dupont USA. Multiwall 
carbon nanotubes (MWNT) (p-MWNT, average length: 1.5 μm, average diameter: 9.5 nm, Carbon purity: > 95 %) 
were supplied by Iijin Nanotech, South Korea. 6-aminohexanoic acid (AHA) (Sigma Aldrich, Mw = 132.18; purity: 
98%) was neutralized using sodium hydroxide (purity: 98%) to obtain sodium salt of AHA (Na-AHA) [Kodgire et 
al. (2006)]. MWNT were initially ultra-sonicated in distilled water for 20 min. Planned (1 wt%) amount of Na-AHA 
was then added to the MWNT and again sonicated for 10 min. The Na-AHA modified MWNT solution was then 
subjected to evaporation in a vacuum oven at 80 °C for 10 hr to ensure the complete removal of water.  
    PA6/Hytrel blends and MWNT was planned to prepare nanocomposite by melt-mixing in a twin-screw extruder 
DSE 25 at 240 ºC to 260 ºC with a rotational speed of 50 rpm. All blend components were pre-dried in vacuum oven 
at 115 ºC for 4 h. In blend with PA6/Hytrel and MWNT will melt-mixed in twin screw extruder then blends passed 
through water for cooling and it palletize by palletizing machine. Injection-moulded samples (according to ASTM D 
638, Type IV, thickness: 5 mm; length 50 mm, parallel length: 13 mm) were prepared using mini injection-moulding 
machine from EGLE. The injection-moulding parameters maintained for all the compositions were injection 
pressure: 3 bar, shot volume: 95%, melt temperature: 240 ºC, mold temperature: 60 ºC, holding time: 60 sec and 
cooling time: 2-3 min. 
2.2 Characterization 
     Various tensile properties determined by using universal testing machine (UTM). UTM (Hounsfield Tinius 
Olsen) gives the result of stress-strain curve. Toughness can be calculated from area under the stress-strain curve. 
Test specimen dimensions and tolerances as per standard ASTM D 638 Gauge length: 50 mm, width: 13 mm, 
thickness: 5 mm. All samples for the Dynamic Mechanical Thermal Analysis (DMTA) measurements had prepared 
by injection molding. DMTA had carried out using Gabo in the bending mode and the furnace will heat at 2 K/min 
807 Bhagwan F. Jogi et al. /  Procedia Materials Science  6 ( 2014 )  805 – 811 
from -100 to 150 ºC, with a frequency of 1Hz. The furnace had flushed with liquid nitrogen throughout the 
measurements to prevent oxidative degradation of the samples. DSC measurements were carried out using a DSC 
Q100 from TA instruments. The extruded samples of about 5 mg were dried in a vacuum oven prior to experiment. 
The samples were melted at 260 ºC at a rate of 5 ºC/min and kept for 3 min to delete the thermal history. Samples 
were then cooled to -75 ºC at a rate of 10 ºC/min and crystallization exotherms were recorded. Following this, 
samples will again heated to 240 ºC at heating rate of 5 ºC/min wherein melting endotherms for samples were 
recorded. All the thermal runs carried out in nitrogen atmosphere. The degree of crystallinity of PA6 phase was 
calculated from the heat of fusion of second heating run. The heat of fusion (ΔHm) of PA6 phase was normalize to 
the fraction of PA6 present in the composites. The degree of crystallinity (Xc) of PA6 phase are determined from the 
ratio of normalized heat of fusion (ΔHm, norm) to the heat of fusion of 100% crystalline PA6, (ΔHm), which was 
taken as 204.8 J/g [Bose (2007)]. The thermal degradation studies of the blends were carried out in Perkin–Elmer 
TGA analyzer. The samples (2.0-0.2 mg) were degraded under a nitrogen flow (30 cm3/min) in the thermo-balance 
under dynamic condition at the heating rate of 20 ºC/min. The samples were scanned from room temperature 28 ºC 
to 800 ºC. The state of dispersion and preferential localization of MWNT were studied by SEM. The extruded 
strands were cryo-fractured using liquid nitrogen and etched with tetrahydrofuron (THF) for 24 h at room 
temperature to remove the Hytrel phase of the blends. The etched samples were observed under FEG-SEM using 
JSM-7600F. 
3. Results and Discussion 
3.1 Tensile properties of PA6/Hytrel blends with MWNT 
    The mechanical behaviour of blends is strongly decided by the contribution of each component, as well as by the 
morphology developed during compounding and the interfacial adhesion between the phases. Moreover, it can be 
seen that the PA6/Hytrel blends has a much lower yield strength than neat PA6, but the % elongation at break is 
higher as compared to neat PA6. The stress-strain curves for PA6/Hytrel blends with modified MWNT and 
unmodified MWNT are shows in Figure 1. The stress-strain curve in the yield region provides an appearance of a 
broad yield peak, which is nearly absent with progressive addition of MWNT in the 85/15 PA6/Hytrel blends. 
Further, a drastic reduction in elongation at break with increasing MWNT content is apparent in these set of blends 
indicating a brittle failure. The blends with MWNT exhibit an increase in the Young’s modulus with increasing filler 
content, however, the tensile strength at yield is found to increase only marginally in the PA6/Hytrel blends with 
neat MWNT. The tensile strength of PA6/Hytrel blends with MWNT increases with increasing filler content. The 
85/15 PA6/Hytrel blends show tensile strength of 40 MPa, while the blends with 1 wt% modified MWNT 
(N85H15M1) exhibit a strength of 65 MPa and 1 wt% unmodified MWNT (N85H15U1) exhibit a modulus of 44 
MPa. The 85/15 PA6/Hytrel blends (N85H15) show Young’s modulus of 298 MPa, while the blends with 1 wt% 
modified MWNT exhibit a modulus of 416 MPa. The 85/15 PA6/Hytrel blends with 1 wt% unmodified MWNT 
exhibit a modulus of 310 MPa This corresponds to an increase of ~ 35 % in the Young’s modulus of blends with 1 
wt% modified MWNT. In addition, this particular composition exhibits the highest stress at break. Interestingly, Na-
AHA modified MWNT has led to a considerable broadening as compared to blends with neat MWNT implying an 
increase in the strength and ductility. 
3.2. Dynamic mechanical properties (DMTA) 
    It has been reported that DMTA measurements can be employed to get further insight into the miscibility and 
phase transition behaviour of the blends. Figure 2 a and b shows the temperature dependent storage modulus (E’) 
and loss modulus (E”) of the PA6/Hytrel blends with MWNT. It can be found that the E’ is higher especially at 
lower temperature in case of PA6 as compared to the PA6/Hytrel blends components. Further, the incorporation of 
MWNT increases the E” of the blends significantly, especially below the glass transition temperature (Tg), which is 
due to the stiffening effect of the MWNT. Interestingly, further enhancement in the E’ is observed (especially in the 
glassy region) in the PA6/Hytrel blends with Na-AHA modified MWNT (1:1, 1 wt %) as compared to the blends 
with only unmodified MWNT (1 wt %) presumably due to greater degree of exfoliation of the tubes rendered by Na-
AHA. In the rubbery region (above the Tg of PA6) the E’ values are observed to be higher in the PA6/Hytrel blends 
with Na-AHA modified MWNT blends as compared to neat PA6/Hytrel blends. In addition, well defined peaks in 
E” versus temperature can be seen in Figure 2 b. The lower temperature peak at ~ -58.2 oC corresponds to the β - 
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Fig. 1.  Stress-strain curve of PA6/Hytrel blends with MWNT 
   
a) Storage modulus (E’) versus temperature                         b) Loss modulus (E”) versus temperature 
Fig. 2. Dynamic mechanical thermal analysis (DMTA) of PA6/Hytrel blend with MWNT 
Sample Code: N85H15: Polyamide6 (N) 85 wt% and Hytrel (H) 15 wt%;  
U0.5: Unmodified MWNT 0.5 wt%; U1: Unmodified MWNT 1 wt%; M1: Modified MWNT 1wt% 
 
transition of PA6 component, while the upper one at ~ 52 oC corresponds to α transition [Jin et al. (2001)]. It has 
been reported that the transition can reflect the glass transition of the amorphous phase, while the β transition relates 
to the toughness of the material. It is evident from Figure 2 b that the Tg of PA6 decreases slightly in presence of 
hytrel indicating an increase in the segmental mobility of the amorphous phase of PA6. In presence of MWNT, Tg 
increases as compared to PA6/Hytrel blends indicating the restriction to chain mobility due to the presence of 
MWNT. The Tg is observed to increase significantly in presence of Na-AHA modified MWNT and is consistent 
with increasing Na-AHA content. This is presumably due to due to greater degree of exfoliation of the tubes 
rendered by Na-AHA. 
3.3 Crystallization and melting behaviour 
     It has been reported in the literature, that CNT act as heterogeneous nucleating agent and influence the rate of 
crystallization and the crystallization temperature of the semi-crystalline polymer matrix by acting as a hetero-
nucleating agent [Bose (2007)]. Figure 3 depicts the crystallization exotherms for 85/15 (wt/wt) PA6/Hytrel blends 
with MWNT. Blending of PA6 with Hytrel results in marginal increase in crystallization temperature (Tc) of PA6 
phase. Further, it is observed that onset and peak crystallization temperature gradually shifts to the higher values 
with progressive increase in the MWNT content. Such increase in peak crystallization temperature clearly shows 
heterogeneous nucleating action of MWNT. PA6 exhibits bulk crystallization exothermic peak at 185 oC.  
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Table 1. DSC melting and crystallization parameters for PA6 and blends of PA6/Hytrel with and without modified MWNT. 
Sample Crystallisation Temperature (OC) Melting Temperature (OC) Crystallinity (%) 
Polyamide6 185.28 223.11 44.39 
N90H10 188.60 222.91 27.63 
N85H15 188.77 222.77 24.40 
N80H20 188.91 222.37 23.20 
N75H25 188.96 222.34 22.70 
N85H15U1 192.90 222.70 44.19 
N85H15M1 193.03 222.76 45.43 
 
 
Fig. 3. Differential scanning calorimetry cooling scans of blends of PA6/Hytrel with and without modified MWNT 
 
It is observed that peak crystallization temperature of PA6/Hytrel blends with Na-AHA modified MWNT is 193 oC. 
It has been earlier observed that Na-AHA facilitates dispersion of MWNT.      
    The melting behaviour of PA6/Hytrel blends with MWNT is exhibit melting endotherms in the second heating 
run in the DSC (Figure not shown). It is observed that PA6 shows melting temperature at 222.21 oC. Single melting 
endotherm has been observed in the blends with both unmodified MWNT and modified MWNT. Moreover, the 
melting temperature in the blends with unmodified MWNT or modified MWNT has been found to remain almost 
unchanged with PA6/Hytrel blend melting temperature. The degree of crystallinity (Xc) calculated from the 
normalized heat of fusion from the second heating cycle of DSC is listed in Table 1. The Xc is found to decrease 
slightly in 85/15 PA6/Hytrel blends as compared to neat PA6 manifesting the fact that hytrel influences the 
crystallization behaviour of PA6. It is apparent that Xc is found to increase in increasing concentrations of either 
modified-MWNT or unmodified-MWNT. Increase in crystallization is indirect indication of the increase in the 
mechanical properties due to the better dispersion of the MWNT in the presence of the modifier Na-AHA. 
 
3.4 Thermogravimetric analysis of polymer nanocomposites 
    To evaluate the thermal stability of the nanocomposites, thermogravimetric analysis (TGA) was carried out under 
nitrogen environments and the results are presented in Figure 4. Neat MWNT exhibits an onset of thermal 
degradation at ~ 570 oC. TGA plots for Na-AHA modified MWNT, shows decrease in the thermal degradation 
temperature due modification. For the neat MWNT, the degradation is found in only one step as per the TGA data, 
while for the Na-AHA modified MWNT exhibits degradation process is completed in three-steps. The first step of 
degradation occurred roughly at the temperature lower than 160 °C, corresponding to the evaporation of adsorbed 
water due to moisture absorption. The second step is observed between 160 to 400 °C and the third step is found at 
higher than 400 °C. The weight loss of neat MWNT and Na-AHA modified MWNT is found to be 12% at 800 °C 
and 50% at 800 °C respectively. It shows that reaction of Na-AHA modifier with MWNTs which reduces strong van  
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Table 2. TGA parameters for the MWNT and polymer blends. 
Sample Onset of degradation temperature oC (T5wt %) 
Maximum degradation 
temperature oC  (T max) 
Complete TGA weight loss 
(%) at 800 oC 
PA6 371.49 472 100 
N85H15 357 467 100 
N85H15U1 570 800 12 
N85H15M1 452 800 60 
    
 
Fig. 4. TGA plot of PA6, PA6 blends and PA6 blends with MWNT 
der Waals’ forces of MWNT. The values of the onset of decomposition temperature (Temperature at 5% weight) 
and maximum degradation temperature (Tmax) of all the nanocomposites are summarized in Table 2. Generally it is 
known that, regardless of the type of MWNT, the thermal stabilities of the nanocomposites are improved as 
compared with the neat polymers. The improvement of thermal stability of the nanocomposites has been attributed 
to the inorganic nature of the MWNT particles and their high thermal stability. In the case of nylon a minor weight 
loss at 165 oC shows the elimination of water from PA6. The second stage of degradation involves major 
degradation which starts at 371 oC and gets completed at 472 oC. Hence the sample can be considered as stable up to 
371 oC in nitrogen atmosphere. Above 472 oC volatilization rate increases and almost complete decomposition take 
place. So we could not see any appreciable weight loss in the TGA above this temperature. The degradation of 
PA6/Hytrel blends starts around 357 oC and completed almost at 467 oC. Hytrel has got lesser thermal stability in 
nitrogen atmosphere than PA6, which is evident from the displacement of the weight loss curve of TGA. PA6/Hytrel 
blend with Na-AHA modified MWNT has got greater thermal stability in nitrogen atmosphere than PA6, which is 
evident from the displacement of the weight loss curve to much higher temperature. This increase in degradation 
temperature of PA6/Hytrel blends with Na-AHA modified MWNT is due to the improved interfacial adhesion 
between the two components, which is having a direct influence on the thermal properties of composite. 
Due to decreases interfacial tension of MWNT thus provides a good interfacial adhesion between the PA6/Hytrel 
and MWNT phases. This in turn will contribute towards the improvement of thermal stability and ultimately the 
mechanical properties. 
3.5 Morphological behaviour  
    Figure 5 depicts SEM of the cryofractured and etched surface of 85/15 PA6/Hytrel blends. It shows the droplet 
dispersed phase morphology of PA6/Hytrel blends where the sample has been etched with tetrahydrofuran (THF). It 
is visible from the micrographs that all the blends show homogeneously dispersed bright dots which are CNT 
observed in case of Na-AHA modified MWNT polymer composite. This observation indicates the modification of 
MWNT provides not only good dispersion but also strong interfacial interaction with polymer matrix and thus a 
better load transfer to CNT with increases the mechanical properties.  
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Fig. 5. SEM of cryofractured and etched (by THF) surfaces of PA6/Hytrel blend 
Conclusion 
    The mechanical properties of the blend with Na-AHA modified MWNT was found to improved as compared to the blends with neat MWNT. 
The mechanical behavior of blend is strongly decided by the contribution and dispersion of CNT as well as by the morphology developed during 
compounding and the interfacial adhesion between the phases. The strength was found to be increased in PA6/Hytrel blend with MWNT. DMTA 
results showed the increased storage modulus in PA6/Hytrel blends with MWNT which is due to the stiffening effect of the MWNT and also 
showed change in glass transition temperature in PA6/Hytrel blends with MWNT due restriction of the polymer chains in presence of MWNT. 
However, early crystallization was observed in the DSC curves due to the presence of MWNT which are acting as a hetero-nucleating agent. The 
degree of crystallinity and percentage of crystallinity was found to be increased in PA6/Hytrel blends with MWNT. But there is   no change 
found in melting temperature in blends with MWNT. The role of unique modifier (Na-AHA) in controlling the dispersion of MWNT by specific 
interactions (‘cation-π’) in PA6/Hytrel blends was thoroughly investigated by various characterization techniques. Na-AHA was found to be an 
efficient modifier in debundling MWNT with PA6/Hytrel blends. Overall, it can be concluded through the mechanical properties, improved 
dispersion of MWNT could be achieved utilizing specific interactions viz. ‘cation-π’ and ‘melt interfacial reaction’ which resulted in 
enhancement in properties in melt-mixed PA6/Hytrel blends with MWNT.  
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